INTRODUCTION
This study is part of a research program initiated in 1991 by the author at the University of Porto (Portugal) and University of Florida (USA). The aim of the project is to explore methods to evaluate, predict and preview the acoustical qualities of churches. The program has included two major components to date:
. Objective studies of ex~sring churches -Measurements were taken in 41 Portuguese Catholic churches, at multiple locations in each room. Several objective acoustical parameters were measured (RT, EDT, CSO, D50, TS, L, BR-RT, BR-L, and RASTI) (Carvalho 1994) .
l Subjective studies of ex?sh'ng churches -This has included both evaluating live musical performances in 36 churches and speech intelligibility testing. This work is characterized by the use of a sample of listeners, evaluation of several locations in each room, assessment of many rooms and comprehensive statistical analysis of the data (Carvalho et al. 1996) . This paper presents a report concerning relationships between speech intelligibiiity and objective acoustical parameters and with the architectural features found in this large sample of churches,
METHODOLOGY
Method Summary. The main research hypothesis is that the speech intelligibility in churches could be measured and related with objective room acoustics measures and architectural features. The among-room variations of speech intelligibility scores can be viewed as differences that result from the architectural and objective acoustical proprieties of the churches that experience shows actually exist.
The study consisted of two parts both regarding analyses in (almost) non occupied churches. The first part was to gather objective results of the main room acoustics measures. The second part was to gather subjective evaluations from listeners, using live speech, of the qualities of the churches concemiug speech intelligibility.
There are certain limitations using this type of methodology for evaluations. The acoustical response of the church changes when it is fully occupied and the character of the sound heard during a religious service is likely different. Nevertheless this methodology gives a normalized sound environment that could be easily compared among churches.
Sample of Churches Used. This study reports on acoustical field measurements done between June 1993 and January 1996 in a major survey of 36 Roman Catholic churches,in Portugal that were built between the 6th century and the 1960's. The churches are a sample of 14 centuries of church building in Portugal. Portugal is one of the oldest European countries and played a prominent role in some of the most significant events in worldwide history. It presents an almost perfect location to trace the history of Catholic church buildings in the world. Portuguese churches can be considered a representative example of Catholic churches in the world.
The churches were selected to represent the main architectural styles found throughout Portugal and to represent the evolution of church construction in Portugal. a volume of less than 19000 rn3 were selected for the study.
For more uniformity of the sample, only churches with Subjective acoustical evaluations were held in churches grouped by large pericds of history: 12 Visigothic or Romanesque churches (6th-11th cent.), 11 Gothic or Manueline churches 13th-16th cent.), 9 Renaissance or Baroque churches (16th-18th cent.) and 4 Neoclo.ssic or Conrempormy churches (USth-20th cent,). The main architectural features of these churches are displayed in Table 1 . 
TS Center Time (point in time where the energy received before this point is eqaal to the energy received atbar this point); L Loudness, Total Sound Level or Overall Level (measure of the room's ability to amplify sound from the source position). This measure is also denoted as Gin the literature. The method used is based on the integrated impulse-response method. A limited-bandwidth noise-burst is generated and transmitted into the church by a loudspeaker via an amplifier. The response of the room to the noise-burst (the impulse response) is then sampled Born the Rh4S detector output of the sound level meter (time constant 5 ms). A loudspeaker emitting short pulses-noise bursts in 3/2 octave frequency bands (to ensure that the received noise-burst is of 111 octave bandwidth) was used as sound source. The receiving section consisted of one l/2" microphone and a sound level meter with an octave filter set. All the procedure was controlled by a specific sofhvare. In each church., two sound source locations were used for the loudspeaker (in front of the altar and in the center of the main floor). The sound source was positioned at 0.8 rn above the floor and making a 45' angle with the horizontal plane.-Each measurement was calculated from an ensemble of 3 or 4 pulse responses in each position. Five receiver positions were, in average, used depending on the width of the church. The microphone, at each location, was placed at 1.30 rn above the floor. In total, near 8000 values were determined (all combinations of the 6 octave-frequency bands, 125 to 4k Hz, and source-receiver locations).
Speech intelligibility was objectively quantified by the calculation of the Rapid Speech Transmission Index (RASTI) which was hypothesized that can be related to the scores of people taking live speech intelligibility tests. This method is baaed on the measurement of the reduction in signal modulation between the speaker and listener positions. A transmitter generates a special test signal (pink noise in the 500 and 2000 I-br octave bands) to mimic the long-tenn speech spectrum. An omnidirectional l/2" diameter microphone receives the signal. The signal is transmitted to the RASTI receiver unit, which analyzes the signal and calculates the RASTI value. The receiver and transmitter are independent units (not synchronized) because the signal is repetitive. In each church the transmitter location was in front of the altar, 1.65 rn above the floor. From 4 to 17 positions were used for the receiver depending on the length of the church (on average, 8 positions were used). In each receiver position three or four measurements were taken and then averaged together to give the RASTI value at that location. The equipment used was sound level meter B&K-2231; filter set B&K-1625; module Room Aco&ics B&K-BZ7109; sound source B&K-4224; microphone l/2" diameter B&K; computer Compaq LTE with software Room Acouslics B&K-VP7155; speech transmission meter B&K-3361 and microphone l/2" diameter B&K-4129.
Listeners and Sound Source. A group of 12 college students and 3 of their professors Born the School of Music and the Performing Arts (Polytechnic Institute of Porto) was chosen. to judge the quality of speech throughout the churches. A young theater student from the same school, was used as a speaker. In each church he read a different list of 100 words within the same sentence: "This is (word)" (in Portuguese). The sentences were said with similar loudness and rhythm. The list of 100 words used in each church was chosen from an innovative global 400~word list that represents the Portuguese language.
In each church the listeners were seated in hvo similar locations named Position A (right hand seats of the center of the longitudinal axis of the main floor) and Position 5 (central seats at the rear main floor). listed the words understood on a questionnaire sheet.
Then they
The scores from the questionnaires were analyzed using the SYSTATa software.
To quali@ their answers, all members of this group of listeners performed audiometric tests to evaluate their hearing capabilities. Audiograms f%om 125 Hz to 8 kHz and according to IS0 R389 and ANSI S3.6 were performed giving results judged normal for all the members of the listeners' group.
Only words with 1 to 4 syllables were used, but the 2 and 3-syllable words were predominant (96%) not to allow listeners to decipher the word by understanding only the sound of some syllables.
RESULTS
Relationships between Speech Intelligibility a,nd Architectural Features. This chapter presents the results concerning the relationships behveen Speech Intelligibility and the architectural features of the churches. In this chapter all relationships are done with the averaged Speech Intelligibility data for each church (36 data points = 36 churches). Table 2 presents the best simple models with the squared values for the correlation coefficients between Speech IntelligibiSty and each of the thirteen architectural parameters. The best relationship exists between Speech Intelligibility and Height Nave (R* = 0.52) presenting the importance that the nave height has regarding the Speech Intelligibili~ However, other important relationship was found between Speech Intelligibility and Height total average (R = 0.50). The Figure 1 shows the best fitting simple models, presented in Table 2 .
To find a better model to explain the relationships between speech intelligibility and architectaral features a general linear model was calculated. The operational procedure was to use the@wrd or the backward stepwise modeling with an a-to-enter/remove) equal to 0.15. The accuracy of tlie model is judged primarily by its R2 which represents the percentage of variance explained and secondarily by the standard error of the estimate which represents the magnitude of differences between estimated and observed values. The general linear model is presented in Table 3 showing that the speech intelligibility is reasonably connected to the architectoral features of the churches. I?MA%Iiei&t Maximum (rn); HNvHeigbt Nave (m); LW-Length Nave (rn); WV-Volume Nave (my, VTOT-Volume Total (my, WNV-Width Nave (rn). Tom/ sands for the entire &uwh iacluding lateral chapels and main altar; Nave stands for the entire church excluding lateral chapels and ti altar.
Relationships between Speech Intelligibility and Objective Acoustical Parameters.
AVERAGING METHOD. The following analyses were done with averaged data for each church. Seven frequency averaging methods were tested using the average of 2 to 6 octave frequency-bands to obtain a singlenumber for each objective room acoustic parameter and for each church. These options were named Ml to M7 and are explained in Table 4 . Regression analyses were performed with each of these seven averaging options to check for their influence in the results. Table 4 , linear and non linear models were tested for the relationships between speech intelligibility and the six objective room acoustic parameters. Table 5 presents the equations for the best models found and for each objective acoustical parameter. The Figure 2 presents the best relationships found. It is shown that the variance of the speech intelligibility can be fairly explained with just one of the six objective room acoustic parameters (R' D 0.67). For D and L the percentage objective room acoustic parameter is not very significant (R' < 0.47).
of variance explained by just one
The relationship Speed&T (R' = 0.674) confirms that RT has influence in the speech intelligibility. However, using TS the R2 is very similar (0.665) making this objective room acoustic measure almost as suited as RT to fairly estimate the speech intelligibility. The relationship Speech/L (R' = 0.33) does not fidiill the reasonable expectations regarding their connection. GENERAL LINEAR MODELS. To find a better model to explain the relationship behveen speech intelligibility and objective acoustical parameters, a general linear model was calculated. The operational procedure was identical as the one described before.
The parameter C80 appeared as variable in all seven general linear models tested (one for each A4i) indicating that this measure can be. very important in predicting the speech intelligibility of churches. almost as well as C80 in that function.
D performs
L however, does not appear in any of the models, perhaps revealing that it is not a significant measure in predicting speech intelligibility in churches. The two best general linear models with their frequency averaging option (Mi) are presented in Table 6 . RASTLavg -Average of all positions in each church; RASTI.ndf -Average of all positions Not in tbe Direct Field of tbe sound source (tbat is, excluding positions < 5 rn from sound source or not in the main volume of the church). As shown in Table 7 , RASTLndfappears as the best of the. two parameters to predict speech intelligibility (R* = 0.503). However, tbis fairly small R2 reveals tbat there is no significant relationship between church averaged RASTI and speech intelligibility values. It is presumed tbat the results would be. better if there were a direct spatial comparison (relating measure point with measure point) and not just church averaged values to compare. Figure 3 presents the. regression model behveen RASTLndfand speech intelligibility Figure 4 shows, for each church, the ratios between averaged speech intelligibilify and RASTI values where it is seen that the speech intelligibility values are, in general, the double of the corresponding mean RASTI (from xl.3 to x2.5). Table 8 proposes a simple new scale to tie RASTIvalues to subjective speech intelligibility. 
CONCLUSIONS
Statistically sigoificaot relationships between speech intelligibility and objective criteria can be found in churches. Architectural features that are important to defining the speech intelligibility in churches were identified. Nave Height was found as the most important of these, giving the best fit. In general,, 8 of the 13 architectural parameters tested can be used in a general linear model to explain 72% of the speech intelligibility variance.
The best fit between speech intelligibility and objective acoustical ptiameters was for Speech/RT (R' = 0.67) stating tbat RT can be a reasonable predictor of the speech intelligibiliiyy. The relationship SpeechITS (R2 = 0.67) also confirms the suitability of TS to fairly and objectively represent the speech intelligibilify. The relationship Speech/L (R* = 0.33) does not fulfill the expe,ctations regarding their com~ection.
Some of the six objective acoustical parameters tested can be used in a general linear model to explain 75% of the variance of the speech intelligibilify. Tbis best general model was found to be with the frequency averaging option Ml (average of all 6 frequency bands from 125 to 4000 Hz). C80 is the. only objective acoustical parameter that appears in all the general linear models found, indicating that it is also an meaningful measure to predict speech intell~g~b&y.
The relationship between speech intelligibility and RASTI ws tested using two methods to find a representative single number: RASTUvg (average of all positions in each church) and RASTIndf (average of all positions Not in the Direct Field of the sound source). RASTI.ndf appears as tbe best to predict speech intelligibility (R* = 0.503). However, this fairly small R* reveals tbat there is no sigoificant relationship between church averaged RASTI and speech intelrigibility values. It is presumed that the results would be better if there were a direct spatial comparison (relating measure point with measure point) and not just church averaged values to compare. It was also found that the. speech intelligibility values were, in general, the double of the corresponding mean RASTI. A simple new table was proposed to tie RASTl values to a subjective speech intelligibility scale. 
